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Abstract: 
This project investigates the interaction between Black Carbon and Polycyclic 
Aromatic Hydrocarbons (PAHs) in lake sediments from Oriole Lake in Sequoia 
National Park California. The interaction between Black Carbon and PAHs is of 
interest because little is known with respect to the availability and the time scale 
within which black carbon adsorbs PAHs in a natural system. Black Carbon and 
PAHs both will eventually be degraded in the environment but the relevant 
timescales of sorption and degradation are unknown. Field work for this project 
was conducted July 16-21, 2007 at Oriole Lake in Sequoia National Park 
California.  Sequoia National Park provides a unique environment for PAH and 
Black Carbon research in that its frequent natural fires are recorded in the giant 
Sequoias and in Park Service records. The relative isolation of Oriole Lake allowed 
for a clear sediment record that was primarily influenced by regional scale fire 
events. A strong correlation in the sediment of Black Carbon percentages to the 
historical recorded of local fires around Oriole Lake was found. Total PAHs 
showed neither a trend with time nor with Black Carbon Percentage, suggesting 
that in this sediment core the PAHs are not strongly bound by the Black Carbon. 
This project confirmed that Oriole Lake is indeed a prime location for analysis of 
PAH/ Black Carbon interactions and has provided the starting point for future 
research on the fire history of the Oriole Lake Watershed.  
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Introduction: 
Combustion processes are the source of a vast majority of Polycyclic Aromatic 
Hydrocarbons (PAHs) to the environment.  PAHs are a type of Persistent Organic 
Pollutant (POP) and have various harmful effects in nature and to Humans. Oil derived 
PAHs (petrogenic) are also abundant in nature from natural sources and from man-
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made pollution of spilled petrol fuel. The combustion derived PAHs (pyrogenic) are 
formed from natural sources such as forest fires as well as from human based activities 
that burn carbonaceous fuels (e.g., wood, oil, coal and diesel gasoline). The same 
combustion processes that produce these PAHs also release Black Carbon. Black 
Carbon is a byproduct of incomplete combustion (such as in the black plume from 
diesel engines in buses and trucks). Incidentally, black carbon (also known as soot, 
char, charcoal, etc.) adsorbs organic compounds including PAHs. Therefore, the same 
combustions processes that release harmful PAHs also produce a substance that may 
reduce their availability in the environment.  
Previous studies have demonstrated that black carbon adsorbs PAHs in the laboratory 
and in impacted harbor sediments. Little is known with respect to the availability and 
the time scale within which black carbon adsorbs PAHs from the natural system. Black 
Carbon and PAHs both will eventually be degraded in the environment but the 
relevant timescales of sorption and degradation are unknown. 
PAHs are not only produced through combustion processes, as there are petrogenic 
and natural sources. However, through the use of various ratios between certain key 
PAH compounds the source(s) of the PAHs in a sample can be determined. 
Field work for this project was conducted July 16-21, 2007 at Oriole Lake in Sequoia 
National Park California.  Three Livingston sediment cores were taken in approximate 
1m sections up to 5 meters in depth when bedrock/ glacial till were struck. Five 
sediment biological cores of the first 1+m with intact sediment-water interfaces were 
also taken. This paper presents the analysis of the third taken of the Biological cores, 
OL07-BC3 (Oriole Lake 2007-Biological Core Three). 
Sequoia National Park provides a unique environment for PAH and Black Carbon 
research in that its frequent natural fires are recorded in the giant Sequoias. From the 
tree record the fire record for the past 400 years is known. Smaller scale fires not 
resulting in scaring on trees have also been recorded by the park service since 1900. 
Having this fire recorded provides a unique opportunity to reference the sediment 
layers to a known fire chronology. Additionally Oriole Lake is remote and provides a 
location minimally influenced by events outside the immediate geographic region of 
the lake. The relative isolation of Oriole Lake should allow for a clear sediment record 
that can be easily compared to the burn history of the region, thus enabling the 
analysis of PAH and Black Carbon interactions over time. The goals of this project were 
(i) to correlate the sediment to the burn record; (ii) to determine if there is evidence of 
PAH and Black Carbon interactions; (iii) and on what time scale the sorptive capacity 
of the BC to retain PAHs is lost. This work will help in better understanding how pollutants 
cycle through the environment and how long they persist. 
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Sampling and Laboratory Procedures: 
Biological Sediment Core: Biological sediment cores are taken by a sampling tube with 
a piston inside which has an attached line extending through the top of the sampling 
tube. The depth of the lake at the point of sampling was determined with a plumb line. 
The sampling tube was then extended towards the lake bottom on a rod. The line to 
the piston was tied off so that the piston inside the sampling tube would remain at the 
predetermined depth just above the lake bottom. The sampling tube is then pushed 
down into the soft sediment bottom. The piston creates a seal above the sediment 
water interface which helps prevent the sediment core from sliding out of the sampling 
tube as the device is pulled up to the surface. The core captures the sediment water 
interface but has the disadvantage of only being able to sample the top soft layer of 
the sediment.  
The cores taken in California were capped and shipped to Rhode Island vertically in a 
shipping crate to preserve the sediment water interface as much as possible. It was 
unknown to what extent the interface was disturbed during the shipping process. At the 
University of Rhode Island the core was placed in a stand and extruded vertically from 
the sampling tube. Each centimeter was spooned/ sliced off depending on the 
consistency and stored in individual sampling jars. All equipment used was rinsed with 
distilled water and wiped clean with KimWipes® between each sample. The field log 
book and lab book pages relevant to these processes can be found in Appendix A. 
Sample preparation (35˚C Drying): Each sample was homogenized and approximately 
half of the sample was weighed out onto a foil pan and placed in a drying oven at 
35˚C for approximately 48 hours. The dry weight was then taken and used to determine 
the percent water content of the original sample. The dried samples were ground with 
a mortar and pestle and then sieved with a # 40 US Standard sieve (425µm). They were 
then split into three parts: about 1-1.4 g per sample were packaged and sent to 
Liverpool University for 210Pb dating. Approximately ~0.15 g was used for the 725 ˚C 
oxidation (loss on ignition), and ~0.08g for the 375˚C oxidation to determine soot black 
carbon. The remaining wet half of the original sample was used for PAH analysis. 
Radiometric Dating: Dry sieved samples were sent to Peter Appleby ( Liverpool 
University, United Kingdom) for radiometric dating based on 210Pb and 137Cs.  
Black Carbon (375˚C oxidation): The total organic carbon (TOC) percentage consists of 
partially of organic carbon (OC) and partially of black carbon (BC). Samples were 
spread thinly in prebaked 2ml vials and oxidized at 375˚C under air flow (Compressed 
Air, Airgas Inc.) in a Barnstead Thermolyne 47900 Furnace. The sample vials were 
weighed before samples were added, before oxidization, and after oxidization. BC was 
isolated in this process from OC due to a difference in oxidization temperature. From 
the difference in mass before and after the oxidization process the percentage of OC 
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was found.  BC constituted the remaining carbon in the sample. The BC percent and 
isotope ration was determined by a Carlo Erba NA 1500 series II Elemental Analyzer 
attached to a continuous flow isotope ratio Micromass Optima spectrometer at the 
EPA operated by Mark Cantwell. 
Loss on ignition (725˚C oxidation): The samples were spread thinly in pre-baked crucibles 
and then oxidized at 725˚C for 24 hrs in a Barnstead Thermolyne 47900 Furnace. The 
difference in mass before and after the oxidization process yielded the percent of total 
combustible mass in the sample. 
Polycyclic Aromatic Hydrocarbons (PAH) Analysis: The wet sediment sample was 
weighed out into a pre-rinsed Teflon test tube with a screw on cap. Internal standard 
and 15 ml acetonitrile were added to the sediment and the test tube was capped and 
hand agitated. 10 ml of hexane was then added and the capped test tube was 
placed in a metabolic shaker at 65˚C for one hour. 10 ml clean water was then added. 
The following was then repeated three times: the test tube was shaken, centrifuged, the 
top layer (hexane) was pipetted off into a round bottom flask, and 10 ml hexane was 
added. The combined extracts were then rotorary-evaporated down to a about 5ml. 
Activated copper was added to the sample and let stand for at least one hour or 
overnight to remove sulfur in the sample. Sodium Sulfate was added to remove any 
residual water in the sample and the liquid was then pipetted off and sent through 
hexane-cleaned Sep-Paks® which contain silicic acid. The collected liquid was rotorary-
evaporated down to 20-30µL and transferred to GC vials where the injection standard 
was then added. 
Samples were analyzed for PAHs on an Agilent 6800 chromatograph (GC) in series with 
an Agilent 5973N mass spectrometer (MS) operated in the negative electronic 
ionization mode. For each sample, 1 µL was injected in the splitless mode onto a Varian 
Factor Four VF-5MS column (30 m, internal diameter 250 µm). Column flow was constant 
at 2 mL/min.  The temperature (T) program was as follows: hold 60 °C for 3 min, increase 
to 120 °C at 3.5 °C/min, increase to 315 °C at 8 °C/min, and hold for 8 min. The injection 
port was maintained at 300 °C, and the MS transfer line at 280 °C. 
Native PAH concentrations in the sample were found in relation to the nearest eluting 
deuterated calibration standard. Native PAHs in known but varying concentrations in 
five injection standards were used to establish the calibration curve for GC-MS response 
to actual concentrations. The concentration of natives in a sample was calculated as a 
ratio of the response of the known concentration of the deuterated PAH internal 
standard compounds. The concentration was adjusted to account for the calibration 
factor found from the injection standard.  An example of these calculations performed 
in excel spreadsheets can be found in Appendix B. 
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Summary of Lab Procedures: The following flow chart (Figure 1) shows the analysis that 
was performed on each sample from the sediment core. The central column of the flow 
chart details a process to determine char percentages that was not conducted during 
this project but which will be performed at a later date in further research on the Oriole 
Lake cores. 
 
Figure 1. Flow Diagram of Lab procedures. 
 
  
Data and Results: 
Radiometric Dating: The results of the 210Pb and 137Cs dating as of May, 2008 were 
inconclusive. Peter Applebee reported that the 210Pb were reduced by half at 32 cm, 
suggesting that the top 32 cm only covered 2 or 3 decades which seemed highly 
unlikely. The 137Cs was also puzzling to Peter Applebee in that the highest values 
occurred in the top 10 cm but then steadily decreased with depth.  The results seemed 
inconclusive and Peter Applebee is planning on testing the samples down farther to 
42cm. He hypothesized that the low dry bulk density (high water content) may have 
distorted the 137Cs record by post-depositional migration. 
Another indication of the age of these sediments came from previous work on a core 
taken from Oriole Lake in 1987 by Margaret Davis (University of Minnesota). Her research 
indicated that the top 37 cm were 90 years old, suggesting that the top 43cm analyzed 
by in this project would be around 105 years old. This time scale serves as a rough 
guidance only, due to differences in sedimentation rates between Margaret Davis’ 
core site and this projects core site. 
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Fire Record: There were two ways in which a composite fire record of the local region 
around Oriole Lake was found: tree ring scaring and park service documentation.  Tree 
ring scaring relies on scars found in tree rings to determine when fires occurred. This 
method requires multiple tree bores or cross-sections to determine the entire record as 
each tree may not have been scared from every single fire. This method is limited to 
regions were the trees are fire resistant enough to survive a fire. The tree ring scaring 
gives no indication of fires that were too small to cause scaring or that were too big 
and burned the entire tree. This method does however provide a fire history that goes 
back many centuries before documentation of fires began. A picture showing scaring 
on a tree cross-section can be found in Appendix D. A composite time line from several 
different trees in the Oriole Lake grove has been compiled by Tony Caprio of the US 
NPS, Sequoia and Kings Canyon National Park. The timeline of events recorded in tree 
rings is shown in Figure 2. 
 Figure 2. Oriole Lake Grove tree ring record of fire events (Caprio 2008) 
 
The fire record developed from tree rings indicates that there have been no fires near 
Oriole Lake since 1870. This record does not include fires that were not located directly 
in the vicinity of Oriole Lake or at a lower elevation where scrub forests dominate and 
no trees would survive a burn. Since the dating records indicated that the top 43cm 
analysis in this project is around 100 years, the fires shown in the tree ring record would 
not appear in the sediment section analysed.  
The local recorded history of the region around Oriole Lake was retrieved from forest 
service records and publications. This recorded history is limited to recent events of the 
last century. These records provide detailed information of where the burns were 
located, what year they occurred in, and what the size of the burn area was. The 
records however give no indication to the influence of these events on the Black 
Carbon flux into Oriole Lake. This would depend on the distance of the burn from the 
lake, the prevailing winds at the time of the burn, the size of the burn, and the 
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topography of the region between the burn site and Oriole Lake. A map of the burn 
record for the Mineral King watershed (Caprio et al., 1997) has been overlaid onto a 
contour map of the region. Figure 3 shows the locations of these recorded burns and 
the location of Oriole Lake. The original map of the historic burns in the Mineral king 
watershed can be found in Appendix D. 
Figure 3. Mineral Kings Watershed burn record overlaid on a topographic map. 
Oriole Lake is shown with a green arrow. (Caprio et al. 1997) 
 
Westerly winds are prevailing at Oriole Lake . The influence each of the burn areas in 
Figure 3 on Oriole Lake can be estimated based on westerly winds, the burn size and 
the topography. Values of 1 to 10 were assigned to each burn based on the estimated 
magnitude of influence each burn should have. The burn in 1991 for example was 
assigned a value of 5 since it is downwind and on the other side of a ridgeline but is 
quite a large burn. The burn in 1934 is significantly smaller and also on the opposite side 
of a ridgeline from Oriole Lake but received the same value since it was located slightly 
upwind. All of the burns immediately in the vicinity of Oriole Lake received influence 
factors of 10 on Oriole Lake. This record of the Mineral king watershed is not the 
complete influence of local fires on Oriole Lake. Another paper by the forest service 
resulted in Figure 4 which shows burned areas on a two decade time scale.  
Figure 4. Lower Sequoia and Kings Canyon National Park burn record on a two 
decade time scale. The box in red indicates the Mineral King watershed and the 
green arrow Oriole Lake. (USDA Forest Service, 2004) 
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From Figure 4 it can be seen that there were very small fires next to Oriole Lake from 2000-
2002. Figure 3 was published in 1997 so those fires need to be accounted for in addition to 
the fires already considered within the watershed and would have a very large influence 
on the Lake. Outside of the Mineral King Watershed it can be seen that large areas 
burned upwind of Oriole Lake during the 1920-30s, the 1940-50s, and the 1980-90s. To 
determine the possible influence of these burn areas, the topography between the burn 
areas and Oriole Lake needs to be considered. Figure 5 is a topographic googlemap® 
image looking due west (upwind) and showing the location of Oriole Lake with respect to 
the burn locations. 
Figure 5. Topographic googlemap® image looking due west (upwind) and 
showing the location of Oriole Lake with respect to the burn locations. 
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From this map it can be seen that the burns in the 1920-30s and the 1980-90s occurred 
predominantly behind a large ridgeline from Oriole Lake or on the ridge line at a higher 
elevation than the lake. This would suggest that aerosols from those fires would have been 
channeled away from Oriole Lake or would have been higher in elevation and carried 
away by the prevailing winds. The burns in the 1980-90s did also have some burn areas in 
the valley due west of Oriole Lake near the Park Entrances but as can be seen in Figure 5 
there is a smaller ridgeline north and northwest of oriole lake between those burns and the 
lake. Therefore, all of the burns recorded in the 1920-30s and 1980-90s would have minimal 
impact on the lake. The burns in the 1940-50s however can be seen to be in the valley 
directly upwind of Oriole Lake at a similar or slightly lower elevation and with no large 
geographic feature blocking the wind. These burns, though significant, occurred far away 
and would not have the same impact as burns in the immediate vicinity of the lake. For 
the influence of the burns in the two decade spans, the entire baseline of influence was 
increased since specific years of the fires within the two decade span are not known. A 
table of the given influence factor per year from 1900 to 2007 can be found in Appendix 
D. The following figure shows a plot of the estimated influence by year of historic burns on 
the Black Carbon flux into Oriole Lake. 
  Figure 6. Estimated fire record influence by year on Oriole Lake. 
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It should be noted that within the decades with raised base lines, the fires that those raised 
baselines represent would actually occur as spikes somewhere within the two decade 
span of that increased baseline. It does not indicate that the regions in questions burned 
continually for the two decade span and the raised baseline is only a means of visualizing 
these influences with unknown dates of occurrence.  The estimated Black Carbon Flux into 
Oriole Lake form local fires can then be compared with the measured Black Carbon 
percentages in the sediment with depth. 
Carbon Analysis: The results of the various drying and oxidizing procedures to determine 
the water content (%w), the Total Organic Matter (TOM), the percent Organic Carbon 
(OC), the percent Black Carbon (BC), and the Loss on Ignition (LOI) are shown in 
Appendix E. The results adhere to general rule-of-thumb ratios. The OC (~20%) was 
approximately half of the TOM (~40%) since carbon makes up about half of the molecular 
weight of organic compounds. The difference in TOM (~40%) and LOI (~42%) is the percent 
of organic compounds in the Black Carbon form (~2%). The percent Black Carbon is 
approximately half of that (~1%) for the same reason OC is about half the TOM. In the 
thermal oxidization process to isolate Black Carbon, insufficient oxygen can cause the 
conversion of OC to BC. This would result in a bias towards BC, and would manifest itself in 
a positive correlation between OC and apparent BC. This bias was not observed for our 
samples (Appendix E) which indicates that the oxidization method fully combusted OC. 
Various standard reference materials were run with the samples and the Black Carbon 
percentages for the reference materials were close to those found in previous studies 
(Appendix C). The percent Black Carbon with depth is shown in Figure 7. 
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Figure 7. Percent Black Carbon with depth.  
 
The measured Black Carbon in the sediment can then be compared with the 
estimated influence of regional fires on the Black Carbon flux into Oriole Lake as shown 
in Figure 8. 
 Figure 8. The fire record influence on Oriole Lake compared to measured Black 
Carbon values. 
  
 12 
There is a strong correlation between the estimation based on fire records and the 
measured Black Carbon (Figure 8), although the influence of historical local burns is 
based on numerous assumptions such as wind direction and effective aerosol transport 
distance. Figure 8 suggests that the top 1 to 1.5 cm of the sediment column was lost in 
the coring process and that the 43 cm analyzed covered a time scale of approximately 
120 years. This compares well to the previous estimation of around 105 year, which can 
be explained by a higher compactation of the sediment at larger depths and/or 
differences in coring locations in Oriole Lake.  
PAH Extraction Results: A sample data chart of the PAH analysis process can be found 
in Appendix B. Graphs of ratios of significant PAHs and the total PAHs concentration in 
the sediment (in nanograms per gram of dry sediment) can be seen in Figure 9.  
 Figure 9. Selected PAH ratios and results. 
 
The ratio of Flouranthene over Flouranthene plus Pyrene greater than 0.5 indicates a 
pyrogenic (burning) origin. Figure 9 shows that at all depths the PAH source is from 
burning processes. A ratio of Methylated Phenanthrenes over Phenanthrene greater 
than 1 is indicative of oil derived PAHs. The ratio in the sediment is not significantly 
greater than one to definitively indicate oil derivation. It is conceivable that 
Phenanthrene degrades faster in nature than Methylphenanthrenes which would 
artificially increase the ratio. If the ratio is entirely accurate, Figure 9 could indicate an 
increase in oil derived PAHs until 1960 (16cm depth) and then a decrease in oil 
derivation afterwards. This could be placed in historical context with the passing of the 
Clean Air acts in the 1960s. Taken together, the PAH results indicate that the Black 
Carbon flux in Oriole Lake is heavily dominated by natural fires and is minimally 
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impacted by sources outside of the regional scale. The total PAHs compared to the 
percent Black Carbon is shown in Figure 10.  
 Figure 10. Total PAH comparison to Black Carbon percent. 
 
Total PAHs show no trend with time and no trend with Black Carbon Percentage, 
suggesting that in this sediment core the PAHs are not strongly bound by the Black 
Carbon. The upper 43cm of the sediment column that was analyzed did however have 
a very high water content which could have caused migration of compounds in the 
sediment column.  
Conclusions: 
There is a strong correlation in the sediment record of Black Carbon percentages to the 
historical recorded of local fires around Oriole Lake. Fire histories have been compiled 
from historical records and tree ring scaring to give an accurate fire history record back 
to 1600. Oriole Lake is indeed remote enough that the Black Carbon fluxes are primarily 
determined by local influences on the lake. No evidences of retention of PAHs by Black 
Carbon was observed in the top 43cm of the sediment column but the high water 
content may affect the interaction of PAHs and Black Carbon. This project confirmed 
that Oriole Lake is indeed a prime location for analysis of PAH/ Black Carbon 
interactions and has provided the starting point for future research on the Oriole Lake 
cores which could be undertaken for a Master’s thesis by a GSO student. 
Future Work: 
The project to date has analyzed the top 43cm of one of the five biological cores. In 
addition, there are three Livingston cores which are each approximately 4.5m deep. 
 14 
Further work should extend the results to earlier in history. The PAH ratios and correlation 
between total PAHs and Black Carbon may be more conclusive at greater depths. 
Future work should determine how PAHs are sorbed by black carbon. If there is a 
correlation, the last 200 years record in the sediment during industrialization can be 
more closely looked at. By removing contributions of black carbon and PAHs due to 
natural processes, the impact of manmade processes could be examined.   
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Appendix A: Field log book information for biological sediment core OL07-BC3. 
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Appendix B: Sample data chart for PAH analysis 
Sample sheet 
 
Standards Sheet 
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Appendix C: Final compiled data chart with W%, BC, TOC, and PAHs 
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Appendix D: Burn Records 
Example of tree ring scaring used to determine fire records from tree rings (Caprio, 
Tony) 
 
 
Historic fire record in the Mineral King watershed (Caprio, Anthony C.) 
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Appendix E: Other Charts and Graphs. 
 
 
 
